The P31, F 19, and H1 nuclear magnetic resonance spectra of a new series of compounds of the types (RO)nP F 3 -n and (R2N)nP F 3_n (n = 1 ,2 ) have been studied. A regular change in the chemical shifts and coupling constants has been observed with multiple substitution. The changes in the coupling constants have been explained on the basis of the electronegativity of the atoms attached to phosphorus. Some long-range coupling constants between hydrogen and fluorine separated by five bonds were observed. P 31 N uclear m agnetic resonance spectroscopy has becom e an im p o rtan t tool in the characterization of phosphorus com pounds ever since the observation of D i c k i n s o n 1, according to which the P 31 chemical shifts in com pounds containing tri-o r pentavalent phosphorus, respectively, are vastly different. V an W a z e r and co-w orkers 2 attem pted to form ulate su b stituent rules and com pared pred icted and o b served P 31 chemical shifts in vario u s types of com pounds. O ther w orkers 3' 4, how ever, have questioned the existence of " group shifts" , and concluded th at there were no convenient correlations betw een the P 31 chemical shift and the n atu re of the substituents on the phosphorus atom . G u t o w s k y and M cC a l l 5 suggested that both the electronegativity of the su b stituent and its ability to engage in m ultiple bon d in g determ ine the m agnitude of the p h osphorus chemical shift.
P 31 N uclear m agnetic resonance spectroscopy has becom e an im p o rtan t tool in the characterization of phosphorus com pounds ever since the observation of D i c k i n s o n 1, according to which the P 31 chemical shifts in com pounds containing tri-o r pentavalent phosphorus, respectively, are vastly different. V an W a z e r and co-w orkers 2 attem pted to form ulate su b stituent rules and com pared pred icted and o b served P 31 chemical shifts in vario u s types of com pounds. O ther w orkers 3' 4, how ever, have questioned the existence of " group shifts" , and concluded th at there were no convenient correlations betw een the P 31 chemical shift and the n atu re of the substituents on the phosphorus atom . G u t o w s k y and M cC a l l 5 suggested that both the electronegativity of the su b stituent and its ability to engage in m ultiple bon d in g determ ine the m agnitude of the p h osphorus chemical shift.
As against the w ealth of data available on n u m e r ous types of phosphorus com pounds not contain in g phosphorus-halogen bonds, there is a notable absence of data especially on phosphorus-fluorine com pounds. We have conducted an extensive survey of P 31 chemical shifts of phosphorus-fluorine com pounds having a coordination num ber 3 to 6 aro u n d p h o s phorus 6. In the present w ork we have focused o u r 1 W . C. D ic k in s o n , Physic. Rev. 81, 717 [ 1 9 5 1 ].
2 J. R. V a n W a z e r , C . F. C a l l i s , J . N. S h o o l e r y , and R. C .
J o n e s , J. Amer. chem. Soc. 78, 5715 [1 9 5 6 ]. 3 N. M u l l e r , P. C. L a u t e r b u r , and J. 
E x p e r im e n ta l
The syntheses for all the compounds included in this study, except for [(C H 3) 2N ]2PF, have been rep o rted 8. Bis(dimethylamino) fluorophosphine has first been pre pared by F l e m in g and P a r r y 9 by the dimethylaminolysis of P F 3 . We have synthesized the . compound as described below.
With exclusion of air and moisture, 46.4 g. (0.3 mole) of bis(dim ethylam ino)chlorophosphine10 was added dropwise with stirring to a suspension of 25.2 g. (0.6 mole) of sodium fluoride in 120 ml. of tetramethylene sulfone over a period of 30 minutes, no change in temperature being observed. Then the tem perature was increased to 8 0 " and the mixture was stirred for one hour. Finally, the mixture was heated to 120° and was refluxed for another hour. Vacuumdistillation through a 10-inch glass-helix packed column gave 27.4 g. All the H 1 spectra were obtained on a Varian A-60 analytical spectrometer, and the F 19 and P 31 spectra were obtained on a Varian HR-60 spectrometer equipped with a flux stabilizer. F 19 Spectra were recorded at 56.4 mc/sec. and P 31 spectra at 24.3 mc/sec. In the case of F 19, CFC13 was used as internal reference, while a capillary tube containing 85% orthophosphoric acid was inserted to serve as external reference for P 31 spectra. For proton resonance, a tetramethylsilane internal refer ence was used as usual. Calibrations for fluorine and phosphorus were carried out by usual side-band tech nique whenever the spectra showed fine splittings; in other cases superposition technique wras used. All the com pounds w ith oxygen attached to p h o s p h o ru s gave sharp and well resolved spectra, while the com pounds w ith nitrogen bonded to phosphorus gave rath e r b ro ad peaks because of quadrupole b roadening. All the com pounds containing -P F 2 groups show a basic triplet stru ctu re in the P 31 resonance and a doublet in the F 19 resonance, w ith fu rth e r fine stru ctu re due to coupling w ith H 1. F or the com pounds containing ^ P F groups, both p h o s p h o ru s and fluorine resonance show ed doublet stru c tures w ith fine splittings due to coupling with p ro tons. In the pro to n region, the spectra are typical of the system , w ith additional coupling w ith fluorine and phosphorus atom s. The phosphorus and fluorine spectra are all first order type, and the coupling constants and chemical shifts were readily obtained by the spacings and centers, respectively. In the p roton spectra there were some cases w here the p atterns were not first order and were fairly com p licated; these w ould therefore req u ire com plete spectral analysis in order to obtain accurate chemical shifts and H -H coupling constants. H ow ever, since these values are not of utm ost im portance here, no attem pt has been m ade to do so and the proton chemical shift values rep o rted are only approxim ate. All the chemical shifts and coupling constants in this series of com pounds, including some from alread y published data, are given in Table I . The P 31 chemical shifts in the gro u p R O P F 2 , w here R is an alkyl g roup, are all constant w ithin the experim ental u n certain ty of 0.5 p.p.m . T his is n ot unexpected because, as long as the first carbon is satu rated , the o th er p a rt of the alkyl group will not influence the electronic stru ctu re of p hosphorus and hence does n ot shift its resonance frequency. The F 19 chemical shift in this group is also constant w ithin 1 p .p .m., p resum ably for the sam e reason. P 31 and F 19 chemi cal shifts in / \ / 0 \ A -O P F , a n d || No analysis was carried out.
ing alkyl com pounds. These ra th e r sm all but con stan t changes in <5P and <5F from R O P F 2 to C6H 5O P F 2 can be attrib u ted to the rin g cu rren t aniso tro p y of the phenyl gro u p 11_13. In addition to this aniso tro p y , resonance between the oxgen and the arom atic rin g which can affect the phosphorus atom and also the fluorine, can be responsible for these changes. T his resonance effect is noticed as h aving appreci' able influence on the P -F coupling constants also, and is discussed later.
In the series P F 3 , R O P F 2 , (R O )2P F , and (R O )3P, the P 31 chemical shift progresses by a con stant am ount of about 14 p.p.m . tow ards low er field fo r each -OR group replacing a fluorine atom. How ever, this constant effect due to the change of a substituent is not followed in the case of fluorine chemical shifts. In the com pounds w here the su b stitu en t is -N R 2 , the P 31 chemical shifts are considerably low er th an in the corresponding -OR com pounds, b ut reaso n ably constant for different R groups. The difference in the chemical shifts betw een mono-and d isu b stituted com pounds is about 20 p.p.m ., which is larg er th a n in the case of -OR groups. However, the constancy of the substituent effects observed in phosphites does not hold in this series. This m ight be because m ultiple substitution by nitrogen atom s in volves the d-orbitals of phosphorus to form partial double bonds. On the other hand, the fluorine chemi cal shifts change regu larly on m ultiple substitution w ith -N R , groups. Thus, the change in fluorine chemical shift for each N R 2 is + 31 p.p.m . G u t o w s k y and H o f f m a n 14 have noticed that the shielding of the fluorine nucleus increases w ith decreasing electronegativity of the attached atom . In the series X P F 2 it is logical to expect that the electronegativity of p h osphorus increases w ith increasing electro negativity of the X group. T hus, in the series F P F 2 , R O P F 2 and R 2N P F 2 , one w ould expect dp to increase from F P F 2 to R 2N P F 2 w ith R O P F 2 having an in ter m ediate value. The sam e is expected to hold in the series F P F 2 , R 2N P F 2 an d (R 2N ) 2P F . It is evident from T ables I and II th a t this is the case and in fact, is inversely p ro p o rtio n al to the electronegativities of F, 0 , and N which are expected to determ ine the electronegativity of phosphorus. The proportion ality constant is about 32 p.p.m . per u n it change in the electronegativity. T his did not hold in the case of F P F 2 , R O P F 2 and r°\ PF, I -0/ in the latter case pro b ab ly because the bond angles are different. The chemical shift of phosphorus is -112 p.p.m . in -C H 2O P F 2 and -143 p.p.m . in (CH3)2N P F 2 . This difference of -32 p.p.m . in g o in g from 0 to N is much la rg e r than -10 p.p.m .suggested earlier by v a n W a z e r and co-w orkers 2 for other com pounds of trivalent phosphorus.
It has been show n by P a c k e r 15 th at in the series (C F3) 2PX the ph o sp h o ru s chemical shift decreases with increasing electronegativity of X. In contrast to P a c k e r 's observations, in the present series it is found that the p h o sp h o ru s chemical shift increases with increasing electronegativity (see T able I I ) .
The P -F coupling constants in the R O P F 2 series w here R is alip h atic are constant w ithin 2 c.p.s. as expected. The P -F coupling constant in C6H 5O P F 2 is about 40 c.p.s. la rg e r than in the co rresp o n d in g ali ph atic com pounds. It has been show n 15 th a t in the X P (C F 3) 2 series, the m ore electron w ith d raw in g the group X is, the stro n g er is the P -F coupling. Also, in the series P F 3 , P F 2C1 and PFC12 , /p _ F decreases in the same o rd er 16. Hence, it is obvious, from the fact th at /p _ F is la rg e r in C6H -O P F 2 th an in R 0 P F 2 , th at the oxygen atom attached to an aro m atic rin g is m ore electronegative th an one attached to an aliphatic gro u p since the oxygen releases the lone p a ir of electrons into the aro m atic rin g , thereby becom ing m ore electronegative. /p _ F in
is appreciably sm aller th an in R O P F 2 , suggesting th at replacing fluorine by a less electronegative oxy gen atom will red u ce the coupling constant, in agree m ent w ith ea rlier observations 16. The sam e tren d is noticed in CG H 5O P F 2 and / \ z°\ PF except that the m ag n itu d e of the change is sm aller. In the case of R 2N P F 2 , /p_F is sm aller th an in R O P F 2 , which ag a in agrees w ith the above concept because n itrogen is less electronegative th an oxygen. 
